Adult rats intubated with a single dose of ethanol (alcohol; Ç5 g/kg) for 5 to 10 successive days incur neurodegeneration in the entorhinal cortex, dentate gyrus, and olfactory bulbs accompanied by cerebrocortical edema and electrolyte (Na Furosemide and related agents might be useful as neuroprotective agents in alcohol abuse. We suggest that the neurodegeneration is elicited in part by edema-dependent oxidative stress, but the regional selectivity of the damage may be best explained by physical (mechanical) compression of the limbic cortex against the adjacent tympanic bulla and subsequent neuronal cytoskeletal collapse. A scheme for these apparently nonexcitotoxic metabolic and mechanical pathways initiated by repeated alcohol exposure is proposed.-Collins, M. A., Zou, J.-Y., Neafsey, E. J. Brain damage due to episodic alcohol exposure in vivo and in vitro: furosemide neuroprotection implicates edema-based mechanism. FASEB J. 12, 221-230 (1998) 
EPISODIC ALCOHOL (ethanol) intoxications and withdrawals characteristic of binge alcoholism result in brain damage (1) . The underlying mechanisms are uncertain, but as with other neurodegenerative conditions, interest has focused on synaptically based excitotoxic events involving excessive glutamatergic activity, increased intracellular Ca 2/ , and perhaps decreased g-aminobutyric acid (GABA) 2 -ergic activity (2, 3) . Also, a link between alcohol, excitotoxicity, and nitric oxide generation has been suggested (4) . However, definitive in vivo evidence supporting a key role for synaptic excitotoxicity in the brain damage induced solely by alcohol is lacking. In vitro studies with neuronal preparations, so informative for other types of brain damage, have so far yielded limited mechanistic insights.
In our studies of neurotoxicity subsequent to episodic alcohol exposure, we have used repetitive intoxication of adult rats via gastric intubation (5, 6) . Neuronal damage is visualized and quantitated as argyrophilic cell counts with the de Olmos cupric-silver staining method (7) . Recent studies document that cupric-silver staining is the method of choice to assess irreversible neurodegeneration induced by a range of toxic insults (8) (9) (10) . Expanding on a study by Switzer et al. (11) , we showed that rats given 8 to 12 g alcohol/kg/day in three or more fractional doses for 4-5 days (the Majchrowicz dependence model) display selective argyrophilia in olfactory and limbic cor-tical brain regions-notably, entorhinal cortex layer III pyramidal neurons, dentate gyrus granule cells, and olfactory nerve terminals in the olfactory bulb glomeruli-but little in hippocampal CA regions and none in the cerebellum (5, 6) . Because of the evidence for excitotoxicity in alcohol-induced brain damage, we anticipated that blocking putative excitotoxic steps would reduce neurodegeneration. However, administration of glutamate receptor and calcium channel antagonists imparted little or no neuronal protection in the thrice-daily Majchrowicz model (12) . Furthermore, inhibitors of nitric oxide synthase tended to increase, not decrease, the alcohol-dependent brain damage (6) .
We report here the use of a modified, milder 'oncedaily' intoxication paradigm, in which neurodegeneration in the same brain regions-mainly the entorhinal cortex, dentate gyrus, and olfactory bulbs-is induced by a single daily alcohol dose (Ç5 g/kg) in one-third of the rats after 5 consecutive treatment days and in all rats after 10 days. In addition, for complementary in vitro studies, we have used the rat organotypic entorhinal/hippocampal slice culture (13) . This and similar cerebrocortical preparations are now frequently used to study neurodegenerative mechanisms in the relatively intact, mature central nervous system (CNS) (14, 15) . In our case, the preparation encompasses the two limbic cortical regions that manifest the most damage during episodic alcohol intoxication. We find statistically significant increases in media lactate dehydrogenase (LDH) when the organotypic brain slice cultures are exposed to high, albeit physiological, concentrations of alcohol in an episodic, fluctuating pattern that mimics the in vivo situation. Widely applied with dispersed neuronal cell preparations, LDH release is likewise considered a valid measure of cytotoxic damage in organotypic slice cultures (16, 17) .
After confirming in the once-daily alcohol intoxication model that daily cotreatment with MK-801 (dizocilpine maleate), a potent antagonist of the glutamate/NMDA (N-methyl-D-aspartate) receptor, did not suppress the neurodegeneration, other possible mechanisms were considered. It is known that alcohol can cause glial swelling and brain hydration (18) (19) (20) , and research on the genesis of status epilepticus, which can cause brain damage, has shown a link between nonsynaptic mechanisms of glial swelling and epileptiform discharge activity (21, 22) . There have been indications that brain hydration may be a factor in alcoholic brain damage (23) , but an association remained to be established experimentally. We therefore examined whether repetitive subchronic alcohol intoxication would induce brain hydration and, if so, whether preventing edema would reduce neuronal damage. Indeed, in rats intoxicated once daily for a period sufficient to result in argyrophilia, the brain was significantly hydrated and had elevated electrolytes. Cotreatment with the electrolyte transport inhibitor/diuretic, furosemide, which counters brain cell swelling in epilepsy studies (24) , prevented the alcohol-dependent brain water and electrolyte increases and dramatically reduced cerebrocortical neurodegeneration. Also, furosemide completely prevented the alcohol-induced LDH release from organotypic brain slice cultures. These corresponding studies in models that mirror one of the most common patterns of alcohol abuse, binge alcoholism (25) , provide a convincing demonstration of significant pharmacological protection against a specific form of alcohol-induced brain damage. The data suggest that an apparently nonexcitotoxic, edema-based mechanism underlies early brain neurodegeneration due to episodic alcohol exposure.
MATERIALS AND METHODS

Materials
Furosemide and HEPES were obtained from Sigma Chemical (St. Louis Mo.) and MK-801 was from Research Biochemicals Int. (Natick, Mass.). Modified Eagle's medium (MEM) media, Hank's buffer, and horse serum were from Gibco (Gaithersburg, Md.). Tissue culture inserts were from Nunc Inc. (Naperville, Ill.) and plastic ware was from Fisher Scientific (Pittsburgh, Pa.).
In vivo studies
Male Sprague-Dawley (SD) rats, 270-330 g, from Sasco Laboratories (Wilmington, Mass.) were used after 4-5 days acclimation in the animal facilities. Water and lab chow were available throughout. They were intubated intragastrically with a single morning dose of 25% alcohol (v/v) in isotonic saline or saline only (controls). Alcohol doses ranged between 3.3 and 6.5 g/kg, and averaged 5 g/kg. To determine blood alcohol concentrations (BACs), tail blood samples were taken daily 2 h after alcohol administration, and also 1/2, 8, and 24 h in the study illustrated in Fig. 1A . The samples were analyzed spectrophotometrically with an alcohol dehydrogenase method described elsewhere (6) . For the study with MK-801, a neuroeffective cumulative dose (75 mg·kg 01 ·day 01 s.c.) was given in isotonic saline 8 h after daily alcohol or saline intubation. Furosemide in isotonic saline was administered (10 mg/kg12 i.p.) 1 and 8 h after daily alcohol or saline treatment.
Rats were anesthetized with pentobarbital sodium (40 mg/ kg i.p.) 12 or 24 h after the last alcohol or saline dose and were perfused transcardially with 4% paraformaldehyde / 5% sucrose in 0.1 M sodium phosphate-buffered saline (pH 7.4). Brains and olfactory bulbs were removed and postfixed as described (5, 6) . Six to 10 horizontal sections (50 mm) were taken at 6 to 8 mm below bregma and stained for degenerating neurons and processes according to de Olmos et al. (7) . The maximum number of argyrophilic neurons in a region on one side on any one section reflected the highest amount (severity) of damage; the mean amount of overall damage was obtained from counting and averaging the number of argyrophilic neurons/glomeruli in all brain sections/side/region. mean counts in alcohol and alcohol plus MK-801 or furosemide groups were compared using nonparametric MannWhitney U tests.
To determine brain hydration, brain electrolytes, and plasma osmolality, rats were killed by decapitation. Trunk blood was centrifuged in a clinical centrifuge, and plasma was taken for osmolality measurements by freezing point depression. Brains were removed, wet weights were taken, and dry weights were obtained after 48 h at 102ЊC (26) . The percent of brain water was calculated according to (wet weight-dry weight)/wet weight 1 100. For electrolytes (Na / , K / , Cl 0 ), dried brains were digested for 1 wk in 1 ml 1 N nitric acid. Aliquots (200 ml) were diluted with 2 ml of 3 mM CsCl 2 in dionized H 2 0 and analyzed by flame photometry for Na / and K / ; brain Cl 0 was determined spectrophotometrically in diluted nitric acid aliquots (27) . Percent water and electrolyte means (mEq/g dry brain; percent control shown) were compared with one-way analysis of variance (ANOVA), followed by the post-hoc Tukey least significant difference (LSD) test.
Preparation and study of organotypic entorhinal/ hippocampal slice cultures
Slice cultures were prepared from 8-to 10-day-old male and female SD rats (maternal source, Zivic-Miller Labs, Portersville, Pa.). Pups were lightly anesthetized with ethyl ether and decapitated. The entorhinal/hippocampal complex was removed and transverse slices (350 mm) were taken with a McIlwain tissue chopper. Adapting the procedure of Stoppini et al. (13) , slices were placed on 0.22 mm tissue culture inserts (Nunc Anopor membranes), Ç4 slices per well, in 6-well Falcon plates with covers. They were cultured at 37ЊC on MEM media containing 25% horse serum, 25% Hank's buffer, 20 mM HEPES and 6.5 mg/ml glucose in an atmosphere of 95% O 2 /5% CO 2 . Slices were periodically examined and those appearing unhealthy (darkened appearance) under the phase microscope were discarded.
After 2-3 wk in culture, alcohol was added to the media for 15 h each day (6 PM to 9 AM) for 6 successive days at initial concentrations of 50 to 200 mM, with complete media changes 01 ; nÅ7-9 rats/group). Rats were killed 24 h after the last alcohol dose, and neurodegeneration was quantitated as argyrophilia according to Materials and Methods. There were no significant differences between means for the two groups (nonparametric Mann-Whitney U test). Inset: Mean 2hr BACs in surviving rats with and without MK-801. *P õ 0.05 compared to rats without MK-801 (two-tailed Student's t test). at 3 days. Media alcohol concentrations, monitored spectrophotometrically with the procedure used for BACs, were observed to drop 35-50% due to evaporation during the 15-h incubation periods. The initial media concentrations were reestablished by alcohol addition before each daily incubation period. When used, furosemide (1.1 mM) was present in the media throughout the 6-day period. Samples of the pooled incubation and postincubation (9 h without alcohol) media were analyzed for LDH with a Sigma diagnostic kit. Results were standardized to tissue protein determined according to Lowry et al. (28) , and means were compared by ANOVA, followed by post-hoc Tukey LSD tests.
RESULTS
Characterization of alcohol-induced brain damage in vivo
The once-a-day intoxication procedure was characterized, like the more severe thrice-daily Majchrowicz method (5, 6, 11) , by determining the extent of brain damage in key regions with respect to treatment duration. The cyclicity of the BACs also was ascertained. Rats were killed 24 h after alcohol or saline (control) intubations lasting from 2 to 10 consecutive days. Figure 1A shows the BACs at four blood sampling times per day during the first 6 days, with alcohol doses ranging from 3.3 to 6.7 g/kg. The mean daily BACs were generally highest 2 h after alcohol administration ( 2hr BAC) and ranged between 150 and 380 mg/ dl, depending on alcohol dose. The overall mean 2hr BAC in this and other once-daily intoxication studies averaged Ç250 mg/dl, or 100-150 mg/dl below typical values in the 4-day Majchrowicz model (5, 9). Twenty-four hours after alcohol intubation, BACs were below detection for doses of less than 5 g/kg, but were still appreciable for higher doses. No overt convulsions were seen in any rats, and mortality was õ15%.
There was no neuronal argyrophilia in any brain region of control rats, consistent with numerous previous stainings of controls (5, 6, 11) . Nor was argyrophilia present after one, two, or three alcohol intubations, but scattered argyrophilic cells and/or processes were sometimes observed after four oncedaily treatments. After 5, 6, and 10 sequential daily alcohol doses, 33%, 67%, and 100% of the rats, respectively, displayed neuronal argyrophilia in the entorhinal cortex, dentate gyrus, and/or olfactory bulbs. Figure 1B shows photomicrographs of degenerating (argyrophilic) neurons in these regions of a representative rat after once-daily alcohol intubations for 6 successive days. Figure 1C illustrates the average maximal and mean counts for degenerating cerebrocortical neurons and glomeruli in olfactory bulbs after 5, 6, and 10 alcohol doses. Between the fifth and sixth alcohol doses, a marked increase in degeneration was apparent among entorhinal cortical pyramidal neurons and dentate granule cells, which was not seen in the olfactory bulb glomeruli.
Alcohol-induced brain damage in vivo and MK-801
To examine the role of the synaptic NMDA receptor in alcohol-induced neurodegeneration, the noncompetitive NMDA receptor antagonist MK-801 was given daily for 8 days in a low daily dose range that suppresses brain damage due to soman intoxication or kainate treatment (29, 30) . The results in Fig. 2 show that MK-801 did not significantly diminish the maximal and mean counts for neurodegeneration in the three most vulnerable brain regions, even though the mean 2hr BAC (inset, Fig. 2 ) was 20% lower in the surviving MK-801 cotreated rats. Cotreatment with MK-801 greatly increased mortality (ú45% overall) in more intoxicated rats, resulting in a lower mean 2hr BAC in survivors. The failure of MK-801 to reduce selective neurodegeneration due to once-a-day alcohol treatment is in agreement with our findings when using a higher MK-801 dose (1 mg·kg 01 ·day 01 1 4-5 days) in the more severe thrice-daily intoxication procedure (12) .
Alcohol, brain edema, brain electrolytes, and furosemide
We studied whether the once-daily intoxication caused significant increases in brain hydration and Fig. 3A , and the increases (expressed as percent change from control { SEM) are prevented by the furosemide cotreatment. Brain Cl 0 concentrations were not significantly changed by the alcohol treatment, but were reduced significantly below control by furosemide cotreatment (FÅ3.71, PÅ0.02). *P õ 0.01 compared to control, **P õ 0.01 compared to alcohol group. Elliott and Jasper (31) , the edema represented 2.5% brain swelling. As shown, daily cotreatment with 20 mg/kg furosemide in two fractional doses completely inhibited alcohol-induced brain edema.
As depicted in Fig. 3B , brain Na / and K / concentrations were significantly elevated 12 h after the eighth daily alcohol dose, and the daily furosemide cotreatment also prevented the alcohol-induced brain accumulation of these two electrolytes. In an experiment in which rats were killed 2 rather than 12 h after the eighth alcohol dose (not shown), only brain K / was increased significantly, suggesting a differential or temporal pattern of electrolyte accumulation that requires further study. Brain Cl 0 was not increased at either the 2 or 12 h time points, but in the 12 h experiment (Fig. 3B) , cotreatment with furosemide reduced Cl 0 levels significantly below control.
In results not shown, furosemide did not alter the overall mean 2hr BAC (mg/dl { SEM: alcohol, 262{14; alcohol plus furosemide, 260{6; tÅ0.07, PÅ0.94) nor did it prevent the well-documented increase in mean plasma osmolality (33) due to the presence of alcohol (mOsm { SEM: control, 306{2; furosemide, 311{3; alcohol, *340{10; alcohol plus furosemide, *341{13; FÅ5.09, PÅ0.0072, *Põ0.01 vs. control). An analysis of the daily 2hr BAC pattern (not shown) revealed 10% higher mean values on days 1 and 2 for the furosemide/alcohol group, but no differences between the two alcohol-treated groups on other days. The diuretic was well tolerated, and mortality was the same for the two alcohol-treated groups.
Furosemide protection of alcohol-induced brain damage in vivo
The experimental question was whether furosemide would protect against the brain damage concomitant with preventing brain water and electrolyte increases in the alcohol-treated rats. Figure 4 shows that in the two vulnerable cortical regions, furosemide provided a large degree of neuroprotection during a 10-day regimen of daily alcohol intoxications that normally results in brain argyrophilia in all rats. Compared to the alcohol-only group, maximal and mean entorhinal cortical neurodegeneration was 85% less in the furosemide-alcohol group, and the percentage of rats showing any alcohol-induced entorhinal cortical damage was lowered by furosemide from 100% to 55% (not shown).
In the dentate gyrus, furosemide significantly reduced the amount of alcohol-dependent neurodegeneration by Ç75% (Fig. 4) . Also, the percentage of rats with any granule cell damage dropped from 100% to 78% (not shown). In the olfactory bulbs, furosemide was not neuroprotective nor did it lower the percentage of rats with neuronal glomerular damage in that structure. Consistent with experiments on brain water and electrolytes, neither the overall mean 2hr BACs for 10 days (inset, Fig. 4 ) nor the daily mean 2hr BACs (not shown) differed between the two alcohol-treated groups.
Alcohol-induced cytotoxicity in organotypic brain slice cultures and prevention by furosemide
The intact organotypic rat brain slice in prolonged culture was examined as an in vitro model for alco- 's t test) . B) Furosemide (1.1 mM) blocks induced LDH release from rat organotypic entorhinal/hippocampal slice cultures exposed episodically for 6 days to alcohol (150 mM, initial concentration), as in Fig. 5A . Medium pooled from days 4-6; values (means { SEM) are from a representative experiment with n Å 6 well cultures/group. *P õ 0.05 compared to control; **P õ 0.001 compared to alcohol (one-way ANOVA, followed by post-hoc Tukey LSD tests).
hol-induced damage to mature brain and possible neuroprotection by furosemide. Nissl staining of selected organotypic rat brain slices after 2-3 wk in vitro revealed well-defined entorhinal cortical, hippocampal CA, and dentate gyrus regions (not shown). In preliminary studies with these cultures, maintaining alcohol concentrations at Ç100 mM in a closed system with no alcohol-free episodes for 4 to 6 consecutive days failed to promote cytotoxicity as indicated by media LDH activity, in general agreement with others (32) . However, as shown in Fig. 5A , exposure to alcohol (initial concentrations of 50, 100, 150, or 200 mM) in 15 h episodes, followed by 9-h 'withdrawal' (no alcohol) periods for 6 consecutive days-simulating episodic intoxication in vivoelicited concentration-related increases in LDH activity in the incubation (alcohol present) and postincubation (alcohol withdrawn) media pooled from days 4 to 6. During each 15-h interval, alcohol concentrations dropped to 30, 65, 80, or 95 mM, respectively; these levels were replenished to the appropriate initial concentration for the subsequent incubation period.
As shown in Fig. 5B , the increases in LDH release (35-50% above control) caused by episodic exposure to alcohol (150 mM initial concentration, dropping to 80 mM during each repetitive 15 h incubation) were completely prevented by continuous cotreatment with 1.1 mM furosemide, indicating effective cytoprotection.
Furosemide 
DISCUSSION
These studies show that episodic alcohol intoxication of adult rats for a restricted period-either several times daily (5, 6, 12) or, in this report, simply once a day-produces irreversible neurodegeneration in selected olfactory and limbic cortical regions, and the damage is accompanied or preceded by electrolyte accumulation and brain edema. Also, when exposed to alcohol discontinuously rather than continuously, organotypic cerebrocortical/hippocampal slice cultures exhibit statistically significant LDH release that is directly dependent on initial alcohol concentrations, thus providing a new model for in vitro studies of alcohol-induced brain damage. The alcohol concentrations producing cytotoxicity in this brain slice culture model, although high, are not unusual during alcohol detoxification (33); however, they are still lower than concentrations often needed to obtain significant neurodegeneration in dispersed neuronal tissue cultures (34, 35) . We suspect that alcohol's induction of cytotoxicity in the mature brain slice culture is a consequence not only of the repetitive daily exposures, but of the declining alcohol concentrations during each exposure, i.e., conditions occurring in binge intoxication. A ramification of both models' findings, consistent with observations in human subjects (36, 37) , is that only a limited number of severe intoxication bouts may cause selective and lasting brain deficits in alcohol abusers or heavy social drinkers.
With many kinds of brain damage, neuroprotection by MK-801 is taken as evidence of involvement of the NMDA receptor. In our report showing no reductions in the entorhinal cortical damage induced by thrice-daily alcohol intoxication for 4-5 days using adult male rats supplied from the former Holtzman Laboratories, the MK-801 dose was 1 mg·kg 01 ·day 01 (12) . In contrast, in a preliminary experiment none of the virus-free Sasco Laboratories SD rats (used for studies herein) survived beyond 5 days during oncedaily cotreatment with alcohol and a similar MK-801 dose. However, most Sasco rats did survive alcohol treatment with MK-801 at 75 mg·kg 01 ·day 01 (a total of 600 mg/kg) over an 8-day period. Although low, the latter dose is nevertheless in a neuroprotective range; comparable acute doses (30-100 mg/kg) of the potent NMDA receptor antagonist effectively reduced damage to the adult brain in other situationsfor example, soman intoxication in guinea pigs (29) and kainic acid treatment in rats (30) . We conclude that the lack of neuroprotection by MK-801 in both the once-daily or thrice-daily intoxication models and by DNQX or nimodipine in the thrice-daily model (12) rules against a primary pathophysiological mechanism for alcohol that involves synaptic glutamate (ionotropic) receptors or voltage-gated Ca 2/ channels.
Considering alternative mechanisms, we were intrigued by a possible connection between neurodegeneration and brain hydration (edema), a condition we determined was present in the alcoholtreated rats. Brain edema is a known phenomenon in alcohol abuse that was suggested more than a decade ago to be causatively linked to CNS damage (23) . The edema could be promoted by the total body water and plasma volume expansion observed in alcoholics during withdrawal (38, 39) , possibly secondary to inappropriate vasopressin secretion (39, 40) . However, alcohol also can act directly to cause glial swelling and hydration through nonsynaptic induction of ionic and osmolar imbalances (18, 19) .
In experimental status epilepticus, which can result in brain damage, neuronal hyperexcitability depends mainly on synaptic receptor/ion channel events, but a second underlying feature, neuronal hypersynchronization, may be linked to evoked increases in brain (especially glial) cell volume (22, 24, 41) . In those studies, furosemide prevented hippocampal cell swelling and derived neuronal hypersynchronization, both in the presence and absence of Ca 2/ (24). This apparently nonsynaptic action is thought to involve the furosemide-sensitive electrolyte (Na,K,2Cl) cotransporter on glial cells (24, 42) . In primary spinal cord cultures, furosemide and related electrolyte transport blockers has been found to inhibit the NMDA receptor (43); however, NMDA receptor antagonism clearly was insignificant in the furosemide-exposed adult hippocampus (24) , and thus may be unique to receptor systems in the primary fetal neurons.
In our alcohol experiments, furosemide provided a high degree of neuroprotection in the entorhinal cortex and hippocampal dentate gyrus of alcoholintoxicated adult rats, while concomitantly preventing the cerebrocortical electrolyte increases and edema. Also consistent with the possibility that alcohol-induced cell hydration is a critical event is furosemide's reversal of alcohol-induced cytotoxicity in the organotypic rat brain slice cultures, particularly during the postincubation ('alcohol withdrawn') period. To our knowledge, extensive protection from alcohol-induced neurodegeneration has not been previously reported. In rats fed alcohol for a year, Paula-Barbosa et al. (44) considered the suppressive action of piracetam, a GABA nootropic, on the accumulation of aging pigment (lipofuscin) as neuroprotection, but reduced neuronal loss was not shown.The lack of furosemide neuroprotection in the olfactory bulb glomeruli in vivo requires further study. One possibility is that the olfactory nerves, confined by the narrow channels of the cribiform plate, may be exquisitely sensitive to even minimal alcohol-induced swelling, which was not arrested by the diuretic at the dose used (G. Shepherd, private communication).
/ 3820 0011 Mp 228 Wednesday Jan 07 12:03 PM LP-FASEB 0011 Figure 6 . Scheme showing proposed mechanical and metabolic pathways leading to the selective neurodegeneration that is initiated nonsynaptically by brain edema secondary to episodic alcohol intoxication and withdrawal. Brain seizure activity is anticipated, but (as discussed) may not be a precursor of the observed brain damage. ICP Å intracranial pressure.
Our initial interpretation was that the mechanism of alcohol-induced neurotoxicity may resemble that which is considered to function in status epilepticus, e.g., after glial swelling, a nonsynaptically mediated reduction in extracellular space that fosters neuronal hypersynchronization, excessive seizure activity, and neuronal death. Repetitive alcohol intoxication is known to promote kindling and augmented severity of brain seizures, possibly in a site-specific fashion (32, 45, 46) . However, since seizure activity does have a prominent excitatory synaptic component (47) , the negligible neuroprotection by glutamate receptor antagonists as well as the lack of degeneration in the hippocampal CA regions, which are highly susceptible to alcohol-induced kindling phenomena (32) and seizure damage (47, 48) , argues against a causative role for brain seizures in the degenerative process initiated by subchronic episodic alcohol treatment. In place of a fundamental role for seizures, we speculate that the alcohol-dependent brain damage in the episodically exposed models is engendered through a metabolic route involving polyunsaturated fatty acid release, lipid peroxidation, and associated oxidative stress; a physical (mechanical) route of compression trauma and neuronal cytoskeletal collapse; or a combination of both.
Further clarifying these potential routes, edema and associated cell stress can result in excessive arachidonic acid release from membrane phospholipid stores (49, 50) . Arachidonic acid can stimulate lipid peroxidation and a deleterious free radical cascade through its oxidative metabolism (51); it also may cause a cycle of increased brain edema (52, 53) . Lipid peroxidation and reactive free radicals have been implicated in alcoholic neurotoxicity (54) , but specifically how they are promoted by alcohol has been unclear.
The notion of a mechanically induced (parallel) degenerative process arises from clinical studies showing associations between edema-induced increases in intracranial pressure (ICP) and regional brain damage (55) . During brain swelling and potentially increased ICP due to episodic alcohol intoxication in the rat, the brain regions incurring substantial neurodegeneration are in fact those that are subject to physical compression against the prominent protrusion into the cranial cavity made by the tympanic bulla. Our suggestion is that recurrent (or sustained) brain edema and cellular compression provoked by alcohol intoxication and withdrawal could produce a mechanical collapse of neuronal 'tensional integrity' (56, 57) . Figure 6 presents a testable scheme showing these proposed events that would link episodic alcohol-induced brain hydration to the early neurodegeneration.
In the aggregate, the results using a diuretic and selected synaptic antagonists imply that nonsynaptic regulation of brain cell volume may be more important for the occurrence of early neuronal degeneration due to binge alcohol abuse than activation of synaptic excitatory receptors/Ca 2/ channels. However, since the hippocampal CA and cerebellar regions have high densities of excitatory receptors, and more prolonged or chronic alcohol regimens do cause neuronal loss in those regions (2, (58) (59) (60) , it is likely that synaptic glutamate receptors, perhaps in concert with GABA systems and Ca 2/ channels, have important roles in long-term alcoholism. Indeed, accumulating in vitro evidence indicates that chronic alcohol exposure can sensitize neurons to excitotoxic insult (61, 62) .
Analogous to epilepsy (24) , another implication from our results is that therapeutic agents that counter alcohol intoxication/withdrawal-induced brain swelling and edema, judiciously applied, could lessen brain neurodegeneration and resultant dementia. Parenthetically, furosemide as adjuvant therapy in alcoholism would not be novel; based on their previous findings (38), Knott and Beard (63) used the diuretic nearly three decades ago to improve physiological measures of recovery during alcohol withdrawal. In contrast, excitotoxic antagonists may not be helpful as neuroprotectants in the early stages of binge alcohol abuse. Gluco-/ 3820 0011 Mp 229 Wednesday Jan 07 12:04 PM LP-FASEB 0011 corticoid intervention to counter edema would be problematic. Anti-inflammatory steroids can reduce induced brain swelling (64) , but endogenous corticoid may have a role in brain damage during conditions of status epilepticus (65) and has been suggested as a factor in alcohol-induced brain damage (66) .
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